ABSTRACT: Holstein bull calves ( n = 51) weaned at 6 wk of age were used in four N balance trials for 4 wk (Trials 1 to 3 ) or for 2 wk (Trial 4 ) from 8 wk of age to identify limiting amino acids for a corn and soybean meal diet. The calves were trained to maintain reflex closure of the reticular groove throughout the trials. In Trial 1, administration of .111 g of DL-methionine plus .333 g of L-lysine monohydrochloride/kg BW through the reticular groove increased N retention compared with the control that received isonitrogenous L-glutamine, but administration of .333 g L-lysine monohydrochloride/ kg BW alone did not increase N retention in Trial 2. In Trial 3, administration of .111 g of DL-methionine/kg BW improved N balance compared with the control, although the improvement was not detected when DLmethionine was restricted to .022 g/kg BW. In Trial 4, administration of the mixture of .111 g of DLmethionine, .333 g of L-lysine monohydrochloride, and .055 g of L-tryptophan/kg BW increased N retention in calves compared with calves that received an isonitrogenous mixture of .111 g of DL-methionine and .274 g of L-glutamine/kg BW, or .111 g of DLmethionine, .055 g of L-tryptophan, and .234 g of Lglutamine/kg BW. The present results suggest that methionine was the first-limiting and that lysine was probably the second-limiting amino acid for the corn and soybean meal diet in weaned calves less than 11 wk of age, although tryptophan may be either colimiting with lysine or third-limiting.
Introduction
In calves weaned at 6 wk of age, ruminal synthesis of microbial protein is restricted by underdevelopment of ruminal function for several weeks after weaning (Leibholz, 1975) . During this period, the amino acid that is most deficient in undegraded intake protein may become the first-limiting amino acid for the growth of calves. In fact, lysine was the first-limiting amino acid when calves roughly less than 3 mo of age were fed corn and corn gluten meal diets (Abe et al., 1997) . In a study by Donahue et al. (1985) , N balance was significantly improved by abomasal infusion of methionine when weanling calves received a diet based on corn and alfalfa meal, although the infusion of methionine did not improve N balance when calves received a diet based on corn and soybean meal ( SBM) .
The objective of the present study was to identify limiting amino acids in weanling calves fed a corn and SBM diet. Various N supplements were administered twice daily in a similar manner to that of feeding milk replacer during the suckling period. The responses of N balance and plasma free amino acid concentrations to the N supplements were used as criteria, as was the case with our previous study (Abe et al., 1977) .
Materials and Methods
Research protocols followed the guidelines stated in the Guide for the Care and Use of Agricultural Animals in Agricultural Research and Teaching (Consortium, 1988) .
Calves
Fifty-one Holstein bull calves were used in four N balance trials. They were purchased from a livestock market at 1 wk of age and weaned at 6 wk of age. During the suckling period for 5 wk after the arrival of calves, they were fed 250 g of milk replacer suspended in 1.8 L of warm water at 0830 and 1630 with nipple under a constant auditory environment (in addition to noises surrounding the preparation of liquid milk replacer and other routine work, recorded music was played before supplying the liquid milk replacer), and allowed to consume concentrate (commercial starter pellet) and chopped rice straw on an ad libitum basis. After weaning, procedures were taken to maintain reflex closure of the reticular groove (Ørskov et al., 1970; Abe et al., 1979) until the start of all trials from 8 wk of age. These procedures included offering 1.8 L of warm water with nipple at the same hours under the same auditory condition as those during the suckling period. The commercial starter pellet and chopped rice straw as an inert bulk material were freely available until the start of each trial. Water to quench thirst was offered in a sufficient quantity with buckets at 1200 without music until the end of every trial in succession to the suckling period. The calves were kept in individual metabolic cages throughout the trials. Dimensions of the cage were 120 cm long × 60 cm wide × 150 cm high.
Basal Diet
The basal diet used in every trial consisted of 90% concentrate and 10% chopped rice straw on an as-fed basis. Ingredients of the concentrate and chemical composition of the concentrate and rice straw are presented in Table 1 . Chemical compositions of concentrate and rice straw were somewhat different by analysis among trials, and mean values were shown in Table 1 , although N balance was determined using individual N contents. The basal diet was fed on an as-fed basis at a level of 27 g/kg of initial BW in each of the treatment periods per day in every trial, resulting in a daily CP intake of 3.4 g/kg of BW. The calves were weighed at the beginning of treatment periods for 10 to 14 d in every trial. The diet was given in equal quantities at 0830 and 1630 immediately after the supply of warm water containing N supplements. Feed refusals were not present in any trial.
Trials
Trial 1. Trial 1 was conducted using 12 calves in a switchback design with six replicates per treatment and a 2-wk period. Mean initial and final BW of calves with SE were 66.7 ± 1.6 and 83.6 ± 2.2 kg, respectively. Either .111 g of DL-methionine ( DLMet)/kg of initial BW in each treatment period plus .333 g of L-lysine monohydrochloride ( L-LysHCl)/kg BW or the isonitrogenous (.288 g/kg BW) L-glutamine ( L-Gln) was daily dosed as N supplements by dissolving half the daily amount in 1.8 L of warm water at 0830 and 1630. The level of L-LysHCl was the same as that in our previous study (Abe et al., 1997) , and the level of DL-Met was adjusted to onethird of L-LysHCl. Instead of L-glutamate, L-Gln was used as a control because of its higher solubility than glutamate and the similarity of both metabolic pathways in the enterocytes (Wakabayashi, 1995) . The daily doses of DL-Met, L-LysHCl, and L-Gln were equivalent to 4.1, 12.3, and 10.7 g/kg diet, respectively, or 7.7 to 8.8, 23 to 27, and 21 to 23 g/d, respectively.
Trial 2. Trial 2 was conducted using 12 calves in a switchback design with six replicates per treatment and a 2-wk period. Mean initial and final BW with SE were 62.3 ± 1.1 and 80.6 ± 2.0 kg, respectively. Nitrogen supplement either of .333 g of L-LysHCl/kg of initial BW in each treatment period or isonitrogenous L-Gln (.234 g/kg BW) was dosed daily in a manner similar to that used in Trial 1. The daily doses of L-LysHCl and L-Gln were equivalent to 12.3 and 8.7 g/kg diet, respectively, or 23 to 26 and 16 to 18 g/d, respectively.
Trial 3. Trial 3 was conducted using nine calves in a 3 × 3 Latin square design with three replicates per treatment and a 10-d period. Mean initial and final BW with SE were 64.9 ± 1.8 and 81.8 ± 2.5 kg, respectively. Nitrogen supplements in the three treatment periods were 1 ) .111 g of DL-Met/kg of initial BW in each period per day (4.1 g/kg diet, or 7.7 to 8.4 g/d), 2 ) .022 g of DL-Met/kg BW per day (.8 g/kg diet, or 1.5 to 2 g/d) plus .043 g of L-Gln/kg BW per day (1.6 g/kg diet, or 3.0 to 3.2 g/d), and 3 ) .053 g of LGln/kg BW per day (2.0 g/kg diet, or 3.7 to 4.0 g/d). All of N supplements were isonitrogenous and were dosed in a manner similar to that used in Trial 1.
Trial 4. In Trial 4, 18 male calves were divided into three groups of six calves each and allotted to three N supplements containing .111 g of DL-Met/kg of initial BW in each treatment period per day (4.1 g/kg diet, or 7.2 to 7.8 g/d) in common. In addition to DL-Met, N supplement 1 contained .333 g of L-LysHCl/kg BW per day (12.3 g/kg diet, or 22 to 24 g/d) plus .055 g of Ltryptophan ( L-Trp)/kg BW per day (2.0 g/kg diet, or 3.6 to 3.9 g/d). The N supplement 2 additionally contained .055 g of L-Trp/kg BW per day plus .234 g of L-Gln/kg BW per day (8.7 g/kg diet, or 15 to 17 g/d), and N supplement 3 also contained .274 g of L-Gln/kg BW per day (10.1 g/kg diet, or 18 to 19 g/d) for adjustment of N content. All of N supplements were isonitrogenous and were dosed for 2 wk from 8 wk of age in a manner similar to that used in Trial 1. Mean initial BW with SE were 64.8 ± 1.9 and 70.8 ± .1.9 kg, respectively.
Sample Collection
In all trials, total collection of feces and urine was performed every 24 h for the last 5 d in the 2-wk period (Trials 1, 2, and 4 ) or for the last 4 d in the 10-d period (Trial 3), and aliquots were composited for every calf by period. In every trial, 5.0% (wt/wt) of daily feces and 3.0% (wt/wt) of daily urine were collected in duplicate. Composite urine was stored until analysis at 4°C after acidifying with 20 mL of 1 N H 2 SO 4 . Composite feces were dried at 70°C after spraying 8 to 10 mL of 1 N HCl solution to retain volatile N components. Jugular blood samples were taken from each calf into heparinized tubes (10 mL) immediately before ( 0 h ) and 3 h after the morning feeding at 0830 on the last day of each period, although blood samples were not collected near 1630. Blood samples were placed immediately in an ice bath, taken to the laboratory within 30 min, and centrifuged at 3,500 × g for 15 min. The plasma from each sample was deproteinized with an equal volume of 10% sulfosalicylic acid (Hamilton, 1963) and stored at −20°C until analysis.
Analyses
The N contents in feed, abomasal N supplements, dried feces, and urine were determined in triplicate with the Kjeldahl method (AOAC, 1980) . Contents of the other proximate nutrients in feed were also analyzed according to AOAC (1980) and neutral and acid detergent fiber in rice straw with the method of Goering and Van Soest (1970) . Concentrations of plasma free amino acids were determined with an automatic analyzer using ninhydrin as a coloring reagent (MLC-200, Atto Inc., Tokyo, Japan).
We referred to the experimental design of Trials 1 and 2 as a 2 × 2 Latin square design. Data of Trials 1 to 3 were hence analyzed with ANOVA for a Latin square design using the GLM procedure of SAS (1985) . Main effects considered were treatment, animal, and period. Data of Trial 4 were tested by oneway ANOVA that considered treatment as an effect using the GLM procedure of SAS (1985) . When the treatment effect was significant in Trials 3 and 4, differences among means were tested for significance with Duncan's multiple range test. Table 2 shows N balance in Trials 1 and 2. Although N intake including N supplements, fecal N, and N absorbed did not differ between treatments, daily administration of .333 g of L-LysHCl and .111 g of DL-Met/kg BW decreased urinary N excretion but increased N retention compared with that of isonitrogenous L-Gln in Trial 1. In Trial 2, however, daily supplement of .333 g of L-LysHCl/kg BW alone did not improve N balance compared with the control supplemented with isonitrogenous L-Gln. Tables 3 and 4 show plasma concentrations of free amino acids including all of indispensable ones and some dispensable ones in Trials 1 and 2, respectively. In Trial 1, plasma methionine and lysine increased ( P < .05) or tended to increase ( P < .10), not only in the absorptive state ( 3 h ) but also in the postabsorptive state ( 0 h, or 16 h after previous administration at 1630 on the day before). In Trial 2, a similar increase was observed in plasma lysine concentration but not detected in plasma methionine concentration compared with the control that received L-Gln. The results suggested a normal functioning of the reticular groove closure throughout the trials and also an excessive dose of DL-Met and L-LysHCl, because indispensable amino acids would not increase in the plasma until their requirements are satisfied (Bergen, 1979) . However, the administration of L-Gln hardly affected plasma glutamine concentration, suggesting the disposal of L-Gln via glutamate in the enterocytes (Wakabayashi, 1995) .
Results
In Trial 1, plasma concentrations of amino acids associated with the methionine metabolism, such as threonine, glycine, serine, and cysteine, did not differ between the treatments, despite a high plasma methionine concentration that resulted from the administration of DL-Met. In Trial 2, however, plasma glycine and serine tended to be decreased by administration of L-LysHCl. In the absorptive state, plasma arginine concentration tended to be increased by administration of DL-Met and L-LysHCl in Trial 1 and was increased by that of L-LysHCl alone in Trial 2. Although plasma citrulline and ornithine were not determined in Trial 1, plasma ornithine concentration tended to be higher with the L-Gln supplement only in the absorptive state in Trial 2.
Except for leucine in the postabsorptive state, plasma concentrations of branched-chain amino acids ( BCAA) were decreased by administration of DL-Met plus L-LysHCl compared with the control in Trial 1. However, the administration of L-LysHCl alone did not affect plasma BCAA in Trial 2. Among the remaining indispensable amino acids, plasma phenylalanine tended to be decreased by administra- Table 5 shows the N balance in Trials 3 and 4. In Trial 3, N balance was not improved by daily administration of .022 g of DL-Met/kg BW. However, daily administration of .111 g of DL-Met/kg BW increased N retained and the proportion of N retained to N intake and also tended to increase the proportion of N retained to N absorbed. In Trial 4, daily administration of .333 g of L-LysHCl plus .055 g of LTrp/kg BW in addition to .111 g of DL-Met/kg BW tended to increase N retained and the proportion of N retained to N absorbed, and the proportion of N retained to N intake increased over the control supplemented with .111 g of DL-Met and .274 g of LGln/kg BW. However, the daily supplement of .055 g of L-Trp/kg BW in addition to .111 g of DL-Met and .234 g of L-Gln/kg BW did not result in a significant improvement of N balance compared with the control that received the same daily amount of DL-Met with additional L-Gln. Table 6 presents plasma concentrations of free amino acids in Trial 3. Plasma methionine was increased by daily administration of .111 g of DL-Met/ kg BW, compared with the control that received L-Gln, but was not significantly increased by daily administration of .022 g of DL-Met/kg BW even in the absorptive state. Concentrations of the amino acids associated with methionine metabolism were not different among the treatments. Conversely, plasma arginine and ornithine concentrations tended to be higher in the control group than the group receiving the higher dose of DL-Met only in the absorptive state. Plasma BCAA concentrations were not decreased by the lower dose of DL-Met but were decreased by the higher dose, although the decrease was limited to the absorptive state. Plasma concentrations of remaining indispensable amino acids, including lysine, did not differ among the treatments. Table 7 shows plasma free amino acid concentrations in Trial 4. Because .111 g of DL-Met/kg BW was included in all N supplements, plasma methionine was kept at a relatively higher level in all treatments in the absorptive and postabsorptive states. However, the inclusion of .055 g of L-Trp/kg BW into N supplement increased plasma methionine concentration, although the inclusion of L-Trp and L-LysHCl did not have such an effect. Plasma tryptophan concentration increased in response to the administration of L-Trp. Plasma lysine concentration was also 
e Includes N from supplemental amino acids. f Not significant ( P > .10). w,x Means within a row lacking a common superscript differ ( P < .05) in each trial. y,z Means within a row lacking a common superscript tend to differ ( P < .10) in each trial. increased by daily administration of .333 g of LLysHCl/kg BW only in the absorptive state. Plasma glutamine concentration tended to increase in response to the increase in the amount of L-Gln, but the trend was limited to the absorptive state. In Trial 4, plasma threonine concentration varied among the treatments in proportion to plasma methionine concentration. Plasma concentrations of cysteine and arginine were higher in the absorptive state, when the mixture of DL-Met, L-LysHCl, and L-Trp was administered. Conversely, plasma ornithine concentration was lower in the absorptive state, when the mixture of DL-Met and L-Gln was administered. Plasma BCAA concentrations did not differ among the treatments in the absorptive and postabsorptive states, although plasma isoleucine tended to be increased by administration of the mixture of DL-Met, L-LysHCl, and L-Trp. Plasma histidine concentration was decreased by administration of the mixture of DLMet, L-LysHCl, and L-Trp in the absorptive and postabsorptive states.
Discussion
Nitrogen balance in Trials 1 and 3 revealed that methionine was the first-limiting amino acid for calves roughly less than 3 mo of age, when they received a corn and SBM diet. Vazquez-Anon et al. (1993) reported that feedstuffs high in degradable protein such as SBM had lower ruminal degradation rates for the first 4 wk after weaning at 5 wk of age than they did at 8 wk after weaning. Leibholz (1975) reported that microbial N as a percentage of total N flowing to the small intestine increased from 32% in the first week after weaning at 6 wk of age to 74% by 7 wk after the weaning. In the present study, Trials 1 to 3 lasted for 4 wk or 30 d from 8 wk of age using calves weaned at 6 wk of age. Relatively lower ruminal degradation rate of SBM during this period would increase the outflow from the rumen of SBM protein, which is well known to be most deficient in methionine. Restricted synthesis of microbial protein during this period would limit the methionine supply from microbial protein. These two factors may be responsible for the most intensive limitation of methionine when the corn and SBM diet was fed to weaned calves roughly less than 3 mo of age.
Nitrogen balance in Trial 4 suggested that lysine could be the second-limiting amino acid for the diet, although the possibility that tryptophan might be either co-limiting with lysine or third-limiting was not eliminated. In addition, histidine may be limiting after lysine or tryptophan, because plasma histidine concentration decreased when N balance was improved by administration of the mixture of DL-Met, L- Table 6 . Plasma concentrations of some free amino acids (AA) immediately before (0 h) and 3 h after morning feeding and administration of DL-methionine (DL-Met) and L-glutamine (L-Gln) in Trial 3 (n = 9) a DL-Methionine. b L-Glutamine. c Not significant ( P > .10). w,x Means within a row lacking a common superscript differ ( P < .05) at each time. y,z Means within a row lacking a common superscript tend to differ ( P < .10) at each time. LysHCl, and L-Trp in Trial 4. However, plasma histidine was decreased in the absorptive state also in Trial 2 by administration of L-LysHCl without an improvement of N utilization efficiency. Further studies will be needed to conclude that histidine is limiting after lysine or tryptophan. Donahue et al. (1985) assumed BCAA to be limiting after methionine, because increased N retention resulting from abomasal methionine infusion was accompanied by decreased plasma BCAA concentrations. Similar results have been obtained by other workers (Campbell et al., 1996; Campbell et al., 1997) and also from Trials 1 and 3 in this study. However, it also seems rash to conclude that BCAA are limiting after methionine, because the decrease in plasma BCAA resulting from postruminal infusion or administration of methionine is not necessarily associated with increased N retention (Reis et al., 1973; Titgemeyer and Merchen, 1990; Abe et al., 1997) . The daily dose of .111 g of DL-Met and 12.3 g of LLysHCl/kg BW exceeded the level required by calves, because plasma concentrations of methionine and lysine were increased even in the postabsorptive state by these doses of DL-Met or L-LysHCl. Schwab et al. (1982) reported that the optimal dose of L-Met was near .6 g/kg of diet and that N retention was depressed by abomasal infusion of 1.2 g of L-Met/kg of diet in weanling calves fed a complete pelleted ration based on cereal by-product feeds. In Trial 3, however, administration of .022 g of DL-Met/kg BW or .8 g/kg diet did not improve N balance, and the N retention expressed as grams per day was not depressed even by that of .111 g of DL-Met/kg BW or 4.1 g/kg diet.
The discrepancy between the results of Schwab et al. (1982) and the present study may be due to the difference in the means for delivering supplemental N sources to the small intestine, because administration through the reticular groove does not necessarily verify the full entrance of supplemental amino acids into the abomasum. A stereoisomer of methionine may also be involved in the discrepancy, although Campbell et al. (1996) reported that only a minor difference existed between D-and L-Met in respect of the N utilization efficiency in growing cattle. In addition, the main protein source of diets may have affected the results. Donahue et al. (1985) failed to demonstrate that infusion of 1.2 g of L-Met/kg of diet was excessive in weanling calves fed a diet based on corn and SBM. They attributed the failure to the inherently low content of sulfur-containing amino acids in soybean Table 7 . Plasma concentrations of some free amino acids (AA) immediately before (0 h) and 3 h after morning feeding and administration of DL-methionine
e Not significant ( P > .10). w,x Means within a row lacking a common superscript differ ( P < .05) at each time. y,z Means within a row lacking a common superscript tend to differ ( P < .10) at each time. protein. Also, 1.2 g of L-Met/kg diet may be too low to induce adverse effects of excessive methionine, in view of the fact that methionine in excess of 5 g/kg diet of the requirement is not harmful to chicks fed corn and SBM diets (Han and Baker, 1993) , even if the requirement of sulfur-containing amino acids could be higher in chicks than in calves. Excess methionine often results in threonine deficiency in rats (Girard-Globa et al., 1972) and chicks (Katz and Baker, 1975) , because glycine and serine are needed for the degradation of methionine through the transsulfation pathway (Harter and Baker, 1978) and because serine is synthesized from threonine via glycine. However, plasma concentrations of threonine, serine, and glycine were not decreased by daily administration of .111 g of DL-Met/kg BW in Trials 1 and 3. In Trial 4, plasma methionine concentration was higher when DL-Met was administered with LTrp than in the other two treatments. In addition, plasma threonine concentration varied among the treatments in parallel to plasma methionine concentration, suggesting the least active degradation of excess methionine when only L-Trp was added to DLMet as N supplements. The reasons are unknown, but tryptophan has been shown to have a stimulatory effect on serine dehydratase activity in the rat liver (Jost et al., 1972) .
Administration of L-LysHCl in excess (.333 g/kg BW or 22 to 27 g/d) did not decrease but sometimes increased plasma arginine concentration (Trials 1, 2 and 4), in agreement with our previous study (Abe et al., 1997) . Lysine is known to antagonize arginine in rats (Ulman et al., 1981) , chicks (Jones et al., 1967; Austic and Scott, 1975), guinea pigs (O'Dell and Refan, 1962) , and dogs (Czarnecki et al., 1985) . Our results may indicate that the lysine-arginine antagonism does not occur in cattle, as is true for pigs (Edmonds and Baker, 1987) and probably cats (Morris and Rogers, 1989) . Titgemeyer and Merchen (1990) observed linear increases in plasma arginine concentration with continuous infusion of increasing quantities of L-Met into the abomasum of steers, and they attributed the increase to reduced urinary N excretion and the associated reduction of arginine use for urea cycle activity. In Trial 2, however, the administration of L-LysHCl increased plasma arginine concentration without a reduction of urinary N.
Plasma glutamine concentration was not affected by administration of L-Gln less than .288 g/kg BW per day or 23 g/d in Trials 1 to 3 but tended to be higher in the absorptive state only when .274 g of L-Gln/kg BW or 18 to 19 g/d was administered in Trial 4. When enterocytes are furnished with excess glutamine, a part of it may escape degradation in the enterocytes and may enter the systemic circulation by way of intracellular glutamine circulation in the hepatocytes (Hä ussinger, 1989) . However, the reasons why L-Gln was not excessive in Trial 1 but was excessive in Trial 4 are not known.
Implications
In calves weaned at 6 wk of age, methionine was the first-limiting amino acid for a corn and soybean meal diet at least under 11 wk of age. Lysine would be second-limiting, and tryptophan might be either colimiting with lysine or third-limiting. Recommended level of supplemental DL-methionine per day was within the range from .022 g/kg of body weight (.8 g/ kg diet or 1.5 to 2.0 g/d) to .111 g/kg of body weight (4.1 g/kg diet or 7.7 to 8.4 g/d). The upper limit of this range was in excess of the methionine requirement, but it did not seem to be harmful at this stage of calf growth.
